Abstract: We investigated the effect of an epoxy surface layer to improve the impact damage resistance in carbon-fiber-reinforced-plastic (CFRP) laminate. The specimens were CFRP laminates covered on the impact face or the back face with a highly viscous epoxy resin. The thickness of the epoxy layer was 1.0mm or 2.0mm. Projectiles were launched from an air gun and impacted onto the laminates. The projectiles were made of silicone rubber or aluminum alloy. C-scan images obtained with a scanning acoustic microscope after the tests revealed that the damage mechanism for the CFRP laminates is independent of the surface-layer material and the material properties of the projectile. When we compared the contact area, the crack length on the back face and the delamination areas on each specimen, we found that the epoxy surface layer improved the impact damage resistance of the CFRP laminate. The epoxy surface layer on the impact face decreased the impact force transferred to the laminate, and that layer on the back face suppressed the generation and propagation of fiber-directional matrix cracking on the back face during impact.
INTRODUCTION
Carbon-fiber-reinforced plastic (CFRP) laminates have been used extensively in many industrial applications because of their good mechanical properties, such as high specific strength and elastic modulus; however, their susceptibility to impact damage remains a concern [1, 2] . Impact-induced damage in CFRP laminates includes delamination between interfaces, fiber breakage, and matrix cracking. This delamination reduces their strength, especially, residual compression strength. The delaminations occur only at interfaces where the fiber orientations are changed, because of nonuniform stress distributions in the composite laminate due to the material property mismatches [3] .
There have been several approaches to improve the impact resistance of composite laminates; for example, toughened matrix materials [4] , hybrid fiber composites [5] , interleaving [6] , woven fabric composites [7] , and through-the-thickness stitches [8] . However, these methods require specialized equipment and are labor intensive and costly. Because of these disadvantages, simpler methods are required to improve their impact resistance. Kumar et al. [9] reported that replacing the surface ply on each face of an angle-plied Kevlar-reinforced epoxy laminate with a balanced ply of glass fabric reduced the projected impact-damage area for incident energy. Ko et al. [10] also investigated a multifunctional composite with a ceramic or aluminum-oxide face and a fiber-reinforced composite backing plate to reduce the impact-induced damage.
Jih et al. [11] showed that the impact-induced delamination of CFRP laminates originated from two types of matrix cracks, that is, transverse and bending cracks. The former occurs at the edge of the point of impact on the impact face owing to high local impact stresses. The latter originates from matrix splitting, oriented in the direction of CFRP-laminate fiber, on the back face of the laminate. This is due to bending stress caused by the flexural deformation of the laminate during impact. After cracks generate on surfaces of the laminate, they propagate in the translaminar direction and cause delamination when they reach the interfaces. Therefore, transverse and bending cracks are closely related to the impact force. We clarified that there is a critical impact force that initiates delamination from the results of soft-body and hard-body impact tests [11] . Therefore, if the generation and propagation of these two types of cracks can be reduced, it may be possible to decrease the damage in the CFRP laminate induced by the impact force.
In this paper, we investigate the impact damage resistance of CFRP laminates with an epoxy surface layer. We used specimens whose impact face or back face was covered with a highly viscous epoxy resin. We conducted impact tests using soft-and hard-body projectiles. After the tests, we assessed the degree of improvement in the impact damage resistance based on the contact area, the back-face cracking length and delamination area. 
Specimens and Projectiles
The specimens were CFRP laminates fabricated from and 3.7mm thick. Tensile tests of the unidirectional laminates were carried out to characterize their elastic properties by using a universal test machine (Instron 8501). The results were as follows: EL=114 GPa, ET=8.3 GPa, GLT=4.1, GPa and VLT=0.32, where E, G, and v are the longitudinal, transverse moduli and Poisson's ratio, thickness of the layer was 1.0mm or 2.0mm on the impact face or the back face of the specimen (Fig. 1) . The Young's modulus Ec and Poisson's ratio V of the layer material were 2.52MPa and 0.49, respectively. CFRP laminate without an epoxy resin surface layer was used as the reference specimen. Table 1 lists the types of specimens used in the impact test, and the tensile in-plane stiffness and bending stiffness for each specimen. These stiffnesses are approximately the same irrespective of epoxy surface layer, although its thickness increases. The differences in tensile in-plane stiffness and bending stiffness for each specimen are below 0.05% and 0.03%, respectively.
Each projectile was 10mm long, had a diameter of 10mm, and had a round tip, 12.7mm in diameter. In general, a material that is largely deformed under a low load is called a soft material. Here, a material with a low elastic modulus and high elongation is defined as a soft-body material. We used silicone rubber for the soft-body material and aluminum alloy for the hard-body material. The mechanical properties of the materials used in the projectiles are listed in Table 2. 2.2. Impact Test Figure 2 shows the impact test apparatus. The specimen was simply supported at both ends between two steel circular bars in front of an air gun that launched the projectiles at the center of the specimens. The impact velocity was determined by the time the projectile took to pass between the two He-Ne laser beams near the gun muzzle. The impact velocity ranged from 35m/s to 300 m/s in this experiment. The impact energy was defined as the kinetic energy of the projectiles just before collision. After impact, we used a scanning acoustic microscope (SAM) (Hitachi, AT-5000) with a 10-MHz acoustic lens to inspect the delaminations at the interfaces of the CFRP laminates. 
EXPERIMENTAL RESULTS

1. Contact Area
The hard-body projectiles left permanent indentations on the impact surfaces of specimens N, B1 and B2 (not coated, 1mm and 2mm back-face coated specimens). These were more or less circular. The areas of indentation for specimens N, B1 and B2 were regarded as the contact areas. However, for specimens F1 and F2 (1mm Table 2 . Mechanical properties of projectiles. and 2mm
impact-face coated specimens), it was impossible to measure the contact area after impact for soft-body projectiles because they did not leave any permanent indentations on the specimens. Thus we removed the epoxy surface layers to measure the contact area on the surface of the laminate. The contact areas were calculated from the length of the two transverse shear cracks generated below the impact point and this was regarded as the diameter of the contact area. Figure 3 shows the relationship between the impact energy and the contact area for specimens after hard-body impact. The contact area increased as the impact energy and the thickness of the epoxy surface layer on the impact face increased. The contact areas of specimens F1 and F2 were about 1.8 times and 2.2 times larger, respectively, than those of the specimen N without the epoxy surface layer. The epoxy surface layer on the impact face played a significant role in converting concentrated impact force into distributed force during impact. However, the contact areas of specimens B1 and B2 with the epoxy surface layer on the back face were approximately the same as those without it, irrespective of its thickness.
Crack Length of Back Face
As the impact-damaged specimens exhibited a remarkable matrix cracks oriented in the direction of the fiber on the back face of the CFRP laminate due to flexural deformation during impact, we measured these. Figure 4 shows the relationships between impact energy and crack length generated on the back face of specimens after soft-and hard-body impact. The crack length on the back face increases as the impact energy increases irrespective of specimen type. In soft-body impact (Fig. 4 (a) ), the difference in the crack lengths for each specimen indicates that the epoxy surface layer on the impact face reduced the impact force transferred to the laminate, and the epoxy surface layer on the back face suppressed the generation and propagation of fiber-directional matrix cracking on the back of the laminate during impact. Also, the crack length was inde- pendent of the thickness of the epoxy surface layer on the back face. In hard-body impact, the difference in crack lengths for each specimen was not as clearly visible as that due to soft-body impact at low-impact energy, but the epoxy surface layer had an effect at high impact energy.
Delamination
The CFRP laminate in the specimen has two interchanged. The upper interface here is defined as the interface that is close to the impact face. Also the lower interface is defined as the interface that is close to impact back face. After the test, the delaminations at the interface between the CFRP laminate and the epoxy surface layer did not occur regardless of the specimens and projectiles types. Figure 5 shows C-scan images of delamination at the upper and lower interfaces observed with SAM after soft-and hard-body impact. Every delamination area was peanut-shaped, which is typical of impact damage [1] . The shapes of the delamination areas produced by soft-body impact are similar to those produced by hard-body projectiles [13] . However, there are no clear differences in delamination shapes, with or without epoxy surface layer. This means that the damage mechanism of CFRP laminates is independent of the epoxy surface layer and the material properties of the projectiles.
DISCUSSION
The total delamination area here is defined as the sum of delamination areas at the upper and lower interfaces. Figure 6 shows the relationships between the impact energy and the total delamination area in specimens with the epoxy surface layer on the impact face after soft-and hard-body impact. The delamination area for each projectile is approximately linear to the impact energy. The fitted lines in the graphs were obtained using the least-square fit method. The slope of the delamination area (DA) versus impact energy (IE), which is related to the reciprocal of the interlaminar fracture toughness, is an important parameter characterizing the impact resistance, because the ratio DA/IE denotes the propagation energy of delamination for a unit area [12, 13] . The ratios DA/IE of all specimens are approximately 253mm2/J. However, there is a difference between the critical energies of specimens without the epoxy surface layer and those with it on the impact face. In soft-body impact, the respective critical energies of specimens F1 and F2 increased by 25% and 48% compared with that of specimen N without the epoxy surface layer (Fig. 6 (a) ). In hard-body impact, the critical energy of specimen F2 with a 2-mm epoxy surface layer on the impact face is 3.5 times higher than that of specimen N without it (Fig.  6 (b) ). It is therefore clear that the delamination between the interfaces decreased as the epoxy surface layer on the impact face decreased the impact force. Figure 7 shows the relationships between the impact energy and the total delamination area in specimens with the epoxy surface layer on the back face after the softand hard-body impact. In soft-body impact (Fig. 7 (a) ), the critical energy of specimens B1 or B2 with the epoxy surface layer on the back face increased by approximately 25% compared to that of specimen without it. Also, the increase in the critical energy due to the epoxy surface layer on the back was independent of the epoxy surface-layer thickness. However, for hard-body impact (Fig. 7 (b) ), the difference in the critical energies could not be clearly distinguished in each specimen, because the critical energies were very low compared to those for soft-body impact. The epoxy surface layer on the back face did not increase the stiffness of the CFRP laminate, but suppressed crack propagation there. Therefore, the surface layer on the back face also reduces delamination.
CONCLUSION
We investigated the impact damage characteristics of specimens with a viscous epoxy-resin layer on the impact face or back face of CFRP laminates through impact tests using soft-and hard-body projectiles. After the tests, we inspected the contact area, the crack length on the back face and the delamination area to evaluate the impact damage resistance of CFRP laminate. The experimental results indicated that the epoxy surface layer on the impact face decreased the delamination between interfaces as the impact force transferred to CFRP laminate decreased during impact. The epoxy surface layer on the back face also decreased delamination as it suppressed the generation and propagation of fiber-directional matrix cracking on the back face during impact, although the epoxy surface layer on the back face had little effect in hard-body impact.
